Calcium-binding protein was separated from rat milk by gel filtration, followed by ion-exchange chromatography using a DEAE-Sephadex A-25 column and characterized partially. Rat milk calciumbinding protein (mCaBP) has a molecular weight of about 16,000 as measured by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and about 34,000 by gel filtration using a Sephadex G-75 column. This protein specifically bound calcium with high affinity (Kd=1.45 x 10-6 M). The mobility of mCaBP in regular PAGE was accelerated by the presence of EGTA and was delayed by calcium binding. Divalent cations such as Sr, Cd, and Mn produced an effect similar to that of calcium on the mobility of PAGE, but Zn and Fe did not. Ca-bound mCaBP was heat-stable and resistant to digestion by trypsin. These results indicate that the mCaBP undergoes a conformational change by the binding of calcium and other metal ions. The rat mCaBP was immunologically different from bovine mCaBP and human mCaBP. The properties of rat mCaBP are very similar to those of bovine mCaBP, except that it is a glycoprotein containing about 5 % carbohydrates.
properties of bovine CaBP are similar to those of vitamin D-dependent CaBP in intestinal mucosa.
It has been demonstrated that a-lactalbumin stimulates the activity of galactosyltransferase, which catalyzes the formation of lactose [5, 6] . Thus, one action of mCaBP is to stimulate lactose synthesis in the mammary glands. Recently, Oku et al. [7] have further demonstrated that bovine mCaBP stimulates calcium absorption in the lower small intestine by a mechanism different from that of vitamin D-dependent CaBP in the intestinal mucosa. The effect of exogenous mCaBP on intestinal calcium absorption is greater in the presence of vitamin D-dependent CaBP. The mode of action of mCaBP on intestinal calcium absorption and the interaction between mCaBP and vitamin D-dependent CaBP in the intestines are unknown.
The object of the present study was to isolate and characterize the CaBP from rat milk and to produce antiserum against rat mCaBP to clarify the role of mCaBP in intestinal calcium absorption in rats.
MATERIALS AND METHODS
Rat milk. Whole rat milk was collected from Wistar rats 5 to 10 days postpartum. Animals were injected intraperitoneally with Nembutal (30 mg/kg body weight) and after the rat had become unconscious, 0.2 ml of oxytosin (2 units) was injected intraperitoneally. After the teats were bathed with tepid water (25°C), the rats were repeatedly milked at 2-day interval by using very low suction. This milk obtained was combined and stored at -20°C.
Preparation of rat whey. Whole milk (90 ml) was diluted with an equal volume of 0.9% NaCI and centrifuged at 25,000 x g for 20 min to remove lipids. This step was repeated twice to increase the yield of mCaBP. The skimmed milk was further centrifuged at 105,000 x g for 60 min to sediment the casein. The supernatant (whey) was dialyzed against 60 volumes of 10 mlvt imidazole buffer (pH 6.9 at 4°C) containing 55 mlvt KCl and 25 mM NaCI (IKN buffer) for 48 h at 4°C, with refreshing of the IKN buffer at 24 h after starting dialysis. After centrifugation at 105,000 x g for 60 min, the supernatant was concentrated with a Diaflow membrane YM-10 and then subjected to gel filtration on a Sephadex G-100 column.
Purification of rat mCaBP. The purification of CaBP from rat milk was performed according to the procedure used for the purification of bovine milk CaBP [1] . The dialyzed and concentrated protein solution (about 650 mg) was passed in 20 ml portions through a Sephadex G-100 column (2.6 x 65 cm) equilibrated and eluted with IKN buffer. Fractions of 2.9 ml/tube were collected. The flow rate was about 13 ml/h. Absorbance at 280 nm and 45Ca-binding activity were measured. Fractions containing calcium-binding activity were collected, concentrated, and then applied onto a Sephadex G-75 column (2.6 x 95 cm) equilibrated with IKN buffer.
Fractions containing calcium-binding activity were collected and further applied onto an ion-exchange chromatography of DEAE-Sephadex A-25 column (1.5 x 40 cm) equilibrated with IKN buffer containing 1 mM EGTA. The elution was done with a linear gradient of 0 to 0.5 M NaCI in IKN buffer. Fractions containing calcium-binding activity were collected, dialyzed against the IKN buffer, and concentrated with a Diaflow membrane YM-10. The sample was applied onto a Sephadex G-50 (fine) column (1.8 x 65 cm) equilibrated with IKN buffer and eluted with the same buffer. Fractions containing calcium-binding activity were collected and stored at -20°C. These pooled fractions were used for further experiments as rat milk CaBP. Assay for 45Ca-binding activity. A procedure using 45Ca and Chelex 100 ion-exchange resin based on a slightly modified version of the method of Wasserman et al. [8] was used as a guide to the relative amount of mCaBP present in column effluent fractions. The diluted sample (200 scl) was pipetted into a small centrifuge tube and 25 pl of 50 pM 45CaC12 (25,000 cpm) in IKN buffer was added. After the mixture was shaken for 20 min at room temperature, 50 pl of Chelex suspension (50%, v/v) was added, and centrifuged at 1,500 x g for 5 min. Fifty microliters of the supernatant was then mixed with 10 ml of a toluene based-scintillation cocktail (Omnifluor, 4 % in toluene) and the radioactivity was measured in a liquid scintillation counter (LS 7500, Beckman Instrument, Irvine, CA). Calciumbinding activity was expressed as the percentage of 45Ca per milligram protein remaining in the supernatant.
45Ca-binding to mCaBP was determined by the modified method [9] using an equilibrium dialysis cell apparatus. Each dialysis cell contained 0.11 ml of mCaBP solution and was dialyzed at room temperature for 40 h against 1.1 ml of IKN buffer containing 45CaC12. The amount of calcium bound to the mCaBP and the free calcium in the buffer were calculated using the specific radioactivity of the buffer on both sides. Ouchterlony double immunodiffusion and single radial immunodiffusion (SKID). Antiserum against mCaBP was obtained from a rabbit immunized with isolated mCaBP and tested for specificity by Ouchterlony double immunodiffusion [10] in 1 % agarose. Quantitative measurement of immunoreactive mCaBP was carried out using single radial immunodiffusion as described by Mancini et al. [11] . Twenty microliters of the rat mCaBP antiserum was added to 1 ml of 1.2% agarose and the mixture was poured onto a Petri dish. The area of the zone of immunoprecipitate was calculated and plotted against the log of the amount of CaBP added to the well. A linear relationship existed between 0.5-25 pug of mCaBP.
Other Chemicals. 45CaC12 (24.1 mCi/mg) and Omnifluor were purchased from New England Nuclear Co. (Boston, MA); Chelex 100 ion-exchange resin (200-400 mesh) and low molecular weight marker proteins for SDS-PAGE were from Bio-Rad Laboratories (Richmond, CA); Sephadex G-100, Sephadex G-75, Sephadex G-50 (fine), and DEAE-Sephadex A-25 were from Pharmacia Fine Chemicals (Uppsala, Sweden); Freund's complete adjuvant was from Calbiochem (La Jolla, CA); trypsin, crystalline bovine serum albumin, carbonic anhydrase, bovine alactoalbumin, myoglobin, and ovalbumin were from Sigma Chemical Co. (St. Louis, MO). All other reagents were of analytical grade.
RESULTS

Purification of CaBP from rat milk
Rat whey was separated into three peaks of protein by gel filtration on a Sephadex G-100 column (Fig. 1 ). Calcium-binding activity was clearly indicated in the third protein peak, with a distinct shoulder in the activity at both the leading and the trailing edges. Fractions (indicated by an arrow in Fig. 1 ) containing cal- Fig. 1 . Elution profile of rat milk whey proteins on Sephadex G-100 column. Twenty milliliters of rat milk whey (about 650 mg protein) was dialyzed, concentrated, and applied onto a Sephadex G-100 column (2.6 x 64 cm) equilibrated with 10 mr s imidazole-HCl buffer (pH 6.9) containing 55 mM KCl and 25 mM NaCI and eluted with the same buffer at a flow rate of 13 ml/h. Calcium-binding activity in the effluent was determined as described in Materials and Methods. The fractions (indicated with an arrow) containing calcium-binding activity were collected and applied onto a Sephadex G-75 column.
cium-binding activity were collected and passed through a Sephadex G-75 column. The calcium-binding activity was distributed in a major peak of protein with a trailing shoulder (data not shown).
The fractions containing calcium-binding activity were further applied onto a DEAE-Sephadex A-25 column equilibrated with IKN buffer containing 1 mM EGTA and eluted with a linear gradient from 0 M NaC1 in IKN buffer containing 1 mM EGTA (200 ml) to 0.5 M NaCI in IKN buffer, being the same technique as was used for bovine mCaBP purification. One major and two minor protein peaks were eluted as shown in Fig. 2 . Calcium-binding activity was distributed in the main protein peak which eluted at a NaCI concentration between 0.1 and 0.2 M. The fractions (indicated with an arrow in Fig. 2 ) containing calcium-binding activity were pooled and finally applied onto a Sephadex G-50 column. The elution profiles of protein and of calcium-binding activity from this column were marked by sharp, coincidental peaks. Fractions containing calcium-binding activity were pooled and used in the following experiments as rat milk CaBP.
Characterization of rat milk CaBP
A. PAGE of rat mCaBP. Rat milk CaBP obtained from the peak shown in Fig. 2 was examined by PAGE to check the purity. The mCaBP was marked by a major band of protein and two minor bands localized slightly ahead and slightly behind the major one ( Fig. 3, gel No. 1). To collect the protein of the major band (A) from the gel, many gels with the major protein band were stained lightly with amino black 10-B and sliced. The major protein was extracted electrophoretically from the sliced gels using a large gel column (2 x 2 cm) of 6% acrylamide gel. The obtained protein was re-examined by regular PAGE using 10% acrylamide gel. As shown in gel No. 2 of Fig. 3 , two dark bands of protein and a minor band were visualized in the gel. These two dark bands coincided in mobility with the major band and minor band at its head of gel No. 1. Another minor band with the slowest mobility, was protein denaturated by staining. The minor band (B) of gel No. 1 was also collected and analyzed by PAGE. Four protein bands were detected in this gel. The mobility of 3 of them coincided to those of native rat mCaBP. One other band was denaturated protein (Fig. 3, gel No. 3) . These results suggest that the rat mCaBP obtained by the purification described above is a single protein, although three protein bands with close mobility are revealed by PAGE analysis.
The mobility of bovine milk CaBP in PAGE is distinctly accelerated by the presence of EGTA (Fig. 4, gel No. 4), indicating a conformational change in the protein by calcium-binding. To observe the effect of EGTA on the mobility of rat mCaBP, PAGE analysis of rat mCaBP was carried out in the presence of EGTA. In this PAGE, rat mCaBP, which presented 3 protein bands in the absence of EGTA (Fig. 4, gel No. 1), revealed only one band in its presence (Fig. 4, gel No. 2). And the mobility of the latter was coincident with that of the band at the head of the major protein band in native rat mCaBP. This result further supports the belief that the rat mCaBP obtained in this purification is a single and pure protein, and that the mobility of protein in PAGE is retarded by the binding of calcium.
B. Molecular weight. The molecular weight of rat mCaBP was determined to be approximately 34,000 by gel filtration with a Sephadex G-75 column (Fig.  5, left) , and about 16,000 by SDS-PAGE (Fig. 5, right) . The molecular weight determined by gel filtration was about twice that determined by SDS-PAGE. Thus, the large molecular protein appears to be a dimer in which two molecules of mCa-BP are associated each other. C. Immunological property. The Ouchterlony double diffusion experiment revealed a single line of immunoprecipitate between the center well containing the anti-rat mCaBP antiserum and the outer wells containing rat whey, purified rat mCaBP (Fig. 6, left) , purified bovine mCaBP or human skim milk (Fig. 6,  right) . This line formed a line of identity, with no spurs between the outer wells. When purified bovine mCaBP, human skim milk and purified rat mCaBP were added to the outer wells, a line formed only between the center well and that containing purified rat mCaBP, but precipitation was not detected against bovine Fig. 7 . Scatchard plot of calcium-binding to rat milk calcium-binding protein. The data obtained from the saturation curve of "calcium-binding to rat milk CaBP were replotted according to the Scatchard method. 45Calcium-binding to rat mCaBP was measured by an equilibrium dialysis method. Fig. 8 . Effect of divalent cations on the mobility of rat milk calcium-binding protein during polyacrylamide gel disc electrophoresis. Polyacrylamide gel disc electrophoresis was carried out by the method of Davis using 10% acrylamide gel. The native rat mCaBP was treated with 420 µm EGTA to remove calcium and then several divalent cations were separately added to a concentration of 1 mm. 1, Native rat mCaBP alone; 2, +EGTA; 3, +EGTA+Sr; 4, +EGTA+Zn; 5, +EGTA+Cd; 6, +EGTA+Mn; 7, +EGTA+Fe. mCaBP and human mCaBP. These results support that the rat mCaBP obtained is a single pure protein which is species-specific. D. Ligand specificity. In order to assess the ligand specificity of rat mCaBP, the purified mCaBP was incubated with 45Ca in the presence of a 200-fold excess of divalent cations and then the protein-bound 45Ca was measured by the Chelex procedure. The relative affinity of rat mCaBP for these cations was estimated by comparing the percent of 45Ca replaced by the added cations. Sr replaced 50% of 45Ca-bound to rat mCaBP, but other divalent cations such as Zn, Cd, and Mn had little effect (Table 1) .
When the data from the saturation curve of 45Ca-binding to rat mCaBP, measured by the equilibrium dialysis method, were plotted according to the Scatchard method, the result was linear over the calcium concentration used (Fig. 7) , giving about 1.45 x 10_6 M as the dissociation constant.
E. Effect of divalent cations on mobility of PAGE. The mobility of rat mCaBP in PAGE is changed by the binding of calcium. Figure 8 shows the effect of divalent cation-binding to rat mCaBP on mobility in PAGE. For rat mCaBP from which calcium was removed by the addition of EGTA, the mobility was accelerated (Fig. 8, lane 2) . The acceleration of mobility in the presence of EGTA disappeared with the addition of Sr, Cd, and Mn, but not with that of Zn and Fe (Fig. 8) :
F. Antitryptic effect. Bovine milk CaBP [1], vitamin D-induced CaBP [16], and calmodulin [17] are resistant to digestion by trypsin and chymotrypsin in the presence of calcium. In order to confirm the protective effect of metal ions, rat mCaBP was incubated with trypsin in the presence of several kinds of divalent cations with EGTA. Ca-bound mCaBP (--EGTA) was not hydrolyzed by trypsin, whereas Ca-free mCaBP (+ EGTA) was quickly decomposed. The effect of Sr was Table 2 . Effect of divalent cations on tryptic digestion of rat milk calcium-binding protein.
One hundred microliters of purified rat mCaBP (20 erg) was incubated with 100 pg of trypsin (total volume, 120 ,ct1) in the presence or absence of 1 mM calcium at 37°C for 30 min. After incubation, the reaction mixture was heated in boiling water for 10 min to stop the reaction. The effect of divalent cations was tested in the presence of 420 ,uM EGTA and 1 mM cation as indicated. The amount of rat mCaBP remaining was determined by the single radial immunodiffusion method. Values given are means of triplicate determinations.
highest among the other divalent cations tested except for calcium in protecting the rat mCaBP from digestion by trypsin (Table 2) . Mn, Zn, and Cd partially protected the protein from digestion, but Fe did not have any protective effect. G. Heat-stability. Bovine milk CaBP [1], vitamin D-dependent CaBP [18] and calmodulin [17] are heat-stable in the presence of calcium, but not in its absence. To examine the heat stability of the rat protein, purified rat mCaBP was heated in boiling water for various periods in the presence or absence of EGTA. When rat mCaBP was heated for 30 min in the absence of EGTA, calcium-binding activity was 70% of that of unheated mCaBP, while the amount of mCaBP measured by SRID did not decrease (Table 3) . But, when rat mCaBP was heated for 10 min in the presence of EGTA, calcium-binding activity was largely lost.
H. Carbohydrate content. The purified rat mCaBP contained approximately 5 % carbohydrate using glucose as the standard.
DISCUSSION
CaBP was purified from rat milk according to the method used for the purification of bovine milk CaBP, and certain properties of the rat milk CaBP were determined.
When purified bovine milk CaBP is re-chromatographed by a DEAE-Sephadex A-25 column equilibrated and eluted with adequate buffer without EGTA or with calcium, two peaks of protein are detected in the elution profile [1] . But, only one peak of protein is shown by the same column equilibrated and eluted with a buffer containing EGTA or without calcium [3] . Thus, the elution volume of bovine mCaBP differs from the calcium bound mCaBP in ion-exchange column chromatography using a DEAE-Sephadex A-25. In this study, therefore, EGTA was added to the base buffer for DEAE-Sephadex A-25 column chromatography. As expected, rat mCaBP was eluted as a single peak of protein. These results sug- Table 3 . Heat stability of rat milk calcium-binding protein.
Two hundred and fifty microliters of purified rat mCaBP (50 , tg) was heated in boiling water for the indicated periods in the presence of 1 mM calcium or 420 [IM EGTA. After cooling in an ice-bath, the calcium-binding activity of the remaining rat mCaBP was measured by the Chelex method and the amount of the remaining rat mCaBP was determined by the single radial immunodiffusion method. The values given are means of triplicate determinations.
gest that a metal protein may appear to separate into two or more protein peaks during column chromatography, particularly ion-exchange chromatography. The molecular weight of rat mCaBP was about 34,000 in the determination by gel filtration and approximately 16,000 by SDS-PAGE in the presence of EGTA, suggesting the former to be a dimer of the latter. This phenomenon does not occur with bovine mCaBP [1] . Bovine mCaBP shows a similar molecular weight of 15,000 in the determination by both methods. These differences in both rat and bovine mCaBP's may result from rat mCaBP being a glycoprotein containing about 5 % carbohydrate. The association of rat mCaBP will be prevented by the use of buffer with high ionic strength or detergents such as Triton X-100 and Tween-20.
The rat mCaBP specifically bound calcium with a high binding affinity. Of the divalent cations tested, Sr was the most effective in the displacement of calcium bound to rat mCaBP, whereas Zn, Cd, Mn, and Fe barely displaced the calcium. A retarding effect of those cations on the mobility of the protein during PAGE was observed for Sr, Cd, and Mn but not for Zn and Fe. Thus, the delaying effect of some of the divalent cations (Cd and Mn) did not coincide with the binding activity toward rat mCaBP. On the other hand, the protective effect of divalent cations against the digestion of rat mCaBP by trypsin coincided with the binding activity of toward rat mCaBP. Therefore, the binding of divalent cations appears to have a different effect on trypsin sensitivity and mobility of the protein on PAGE gels.
In the test for heat stability, the results of calcium-binding activity did not agree with that of mCaBP concentration measured by SKID. The ratio of remaining calcium-binding activity was lower than that of the remaining mCaBP. Thus, it appears that rat mCaBP molecules whose calcium-binding activity has been lost by heating still retain their immunoreactivity against anti-rat mCaBP antiserum. a-Lactalbumin, which plays a pivotal function in the biosynthesis of lactose, has been purified from the milk of various species such as bovine [19] , human [20], guinea pig [21], goat [22] , rabbit [23] , and rat [24, 25] . In the process of these purifications, the activity of lactose synthesis is measured to monitor the purification of the protein, but calcium-binding activity is not determined. Recently, it has been demonstrated that milk CaBP is a protein identical to a-lactalbumin in bovine [1] and human [4] milk. Further, the recent advances have shown that bovine a-lactalbumin is a metallo protein that binds calcium and other metal ions [26] [27] [28] . This supports strongly our results that there is a specific calciumbinding protein in rat milk.
It has been shown that two or more forms of a-lactalbumin are separated from bovine and rat milk by ion-exchange column chromatography using DEAE-cellulose and DEAE-Sephadex A-25 [24, 25, 29] , and that there are some a-lactalbumins with different molecular weights, but which are immunologically similar [24, 25, 29] . These phenomena appear to be stem from a conformational change in mCaBP induced by the binding or releasing of calcium. Two or more peaks of a-lactalbumin detected in ion-exchange column chromatography may be eluted as a single protein peak if EGTA is added to the buffer. Our method for the purification of CaBP from rat milk used in this study is applicable to the isolation of alactalbumin from the milk of various species.
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